We present the largest spectroscopic investigation of one of the faintest and least studied stellar clusters of the Milky Way, ESO452-SC11. Using the Anglo-Australian Telescope AAOmega and Keck HIRES spectrographs we have identified 11 members of the cluster and found indications of star-to-star light element abundance variation, primarily using the blue cyanogen (CN) absorption features. From a stellar density profile, we estimate a total cluster mass of (6.8±3.4)×10 3 M . This would make ESO452-SC11 the lowest mass cluster with evidence for multiple populations. These data were also used to measure the radial velocity of the cluster (16.7 ± 0.3 km s −1 ) and confirm that ESO452-SC11 is relatively metal-rich for a globular cluster ([Fe/H] = −0.81 ± 0.13). All known massive clusters studied in detail show multiple populations of stars each with a different chemical composition, but many low-mass globular clusters appear to be chemically homogeneous. ESO452-SC11 sets a lower mass limit for the multiple stellar population phenomenon.
INTRODUCTION
A fundamental question of stellar cluster formation is the selfenrichment that takes place in some clusters. For decades there has been overwhelming evidence for star-to-star abundance inhomogeneity in globular clusters (e.g., Norris et al. 1981; Martell et al. 2008; Simpson et al. 2017) , however no open cluster has yet been found that exhibits the same behaviour (e.g., De Silva et al. 2009; Carrera et al. 2013; MacLean et al. 2014) . Based upon the fact that main sequence stars in globular clusters also exhibit abundance inhomogeneities (see Gratton et al. 2012 , and references therein), it is believed that these characteristics must be intrinsic to the stars (i.e., the stars were born that way) rather than extrinsic (e.g., due to material recently accreted onto the stellar surface). Moreover, because every massive cluster studied exhibits these abundance inhomogeneities, it is clear that the clusters must be enriching their own intra-cluster material. What is special about the globular cluster environment that allows this self-enrichment to occur?
Models of cluster self-enrichment usually involve gas ejected from certain astrophysical sites to pollute the pristine cluster Email: jeffrey.simpson@aao.gov.au gas from which new stars would form. Various sites are invoked: asymptotic giant branch stars, fast rotating massive stars, or very massive stars as the source of this pollution. Clearly overall cluster mass will play an important role in terms of the size of the gravitational potential and the ability of the cluster to retain this ejected gas.
Is there an overall minimum mass limit for cluster selfenrichment? Low-mass clusters of the Milky Way have been found to have multiple populations, e.g., NGC6362 (∼ 50000 M , [Fe/H] = −1.09, ∼ 12 Gyr; Mucciarelli et al. 2016) . Hollyhead et al. (2017) found that Lindsay 1 in the SMC (≈ 8 Gyr, 1.7−2.6×10 5 M , [Fe/H] = −1.35) also exhibits multiple populations, which makes it the youngest object to exhibit this behaviour. Milone et al. (2017) found that NGC6535 exhibited had a broadened red giant branch in its colour-magnitude diagram and its pseudo-two-colour diagram was consistent a 50/50 split between first and second generation stars. They reported a mass of less than 4000 M , however Baumgardt (2017) reported a mass of nearly 60000 M -over ten times larger. As such it is unclear if NGC6535 could indeed be the lowest mass cluster with multiple populations.
In Merchant Boesgaard et al. 2015 , though also see Geisler et al. 2012 for a conflicting result); Berkeley 39 with ∼ 6 Gyr, ∼10000 M , [Fe/H] = −0.2 ; and E3 with ∼ 11 Gyr, ∼14000 M , [Fe/H] = −0.74 (Salinas & Strader 2015) . In addition there is at least one globular cluster that has been found to be chemically homogeneous: Rup 106 (∼ 60000 M , [Fe/H] = −1.5, ∼ 11.5 Gyr; Villanova et al. 2013 , though they also propose an extragalactic origin). Along with mass, it is possible that formation environment could play a role in inhibiting self-enrichment: there are a few clusters that appear to be associated with the Sgr Dwarf (e.g., Palomar 12, Terzan 7, Terzan 8, and Arp 2) in which there is no significant spread in the proton capture element abundances (though only a few stars were studied in each; Carretta et al. 2014) . In this work we have explored one of the faintest and least massive known clusters of the Milky Way (Harris 1996 (Harris , 2010 edition): ESO452-SC11 (referred to subsequently in this work as ESO452; it is also known as 1636-283 1 in Webbink 1985, and Harris 1996) . It was discovered as part of the ESO/Uppsala survey of the ESO(B) Atlas (Lauberts et al. 1981) where it was noted as a very obscured globular cluster. Subsequently, ESO452 has been the subject of only a few published studies.
Prior to 2017, there were only four papers which investigated the cluster in detail: Minniti et al. (1995) and Bonatto & Bica (2008) who created infrared CMDs for the cluster; and Bica et al. (1999) and Cornish et al. (2006) who produced V − I CMDs. No spectroscopic results had been published for the cluster. The photometric observations have shown that all of the stars of ESO452 are fainter than V = 14, with the main sequence turn-off at V ∼ 19.5. Isochrone 1 There is some confusion in the literature of other identifiers for ESO452. Mallen-Ornelas & Djorgovski (1993) refer to it as HP1, but also state it is known as BH 229 and 1727-229. This appears to be a misprint, as HP1 is actually ESO455-SC11 (for the correct identification of HP-1 as ESO455-SC11 see, e.g., Ortolani et al. 1997; Barbuy et al. 2006 ). There are also some references to ESO452 being UKS 2, a designation now used for another cluster, variously known as UKS 0923-54.5, ESO 166-SC11, or BH 66.
fittings suggest a reddening of E(B − V) = 0.6-0.8, a metallicity [Fe/H] ∼ −1, and that ESO452 is located on the edge of or in the Milky Way bulge (d ≈ 8.3 kpc; d GC ≈ 2 kpc).
While our paper was in press, the preprint for Koch et al. (2017) appeared. This work made use of the 2013 spectroscopic observations (see our Section 3.1) from which they identified three members of ESO452. They found a radial velocity of v r = 19 ± 2 km s −1 and an overall metallicity of [Fe/H] = −0.88 ± 0.03 dex.
As shown in Figure 1 the cluster is very small on the sky, with the bulk of the stars appearing to be within ∼ 1 arcmin of the cluster centre. These distance and angular size estimates would make ESO452 about 2 pc across.
We have made use of the multi-object capabilities of the Anglo-Australian Telescope's 2dF/AAOmega spectrograph to observe ESO452 and spectroscopically identify members. We also used archival Keck/HIRES spectra, and photometry from the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) DR1 (Chambers et al. 2016) to investigate the structural parameters and the chemistry of ESO452.
This paper is structured as follows: determination of the structural parameters of ESO452 (Section 2); the target selection for the spectroscopic observations, comparison clusters and data reduction (Section 3); radial velocity and metallicity estimation (Section 4); cluster membership (Section 5); the overall mass and Galactic orbit of the cluster (Section 6) chemical abundance analysis of the spectra (Section 7); and discussion of the evidence for chemical inhomogeneity in ESO452 (Section 8).
CLUSTER STRUCTURAL PARAMETERS
In Bonatto & Bica (2008) structural parameters for ESO452 were found from King-like profile fitting to 2MASS-derived stellar density profiles. The newly released Pan-STARRS1 (PS1) has a faint limit about 4 magnitudes fainter than 2MASS in the region of ESO452 which allows for a more precise determination of the cluster's density profile. We have measured a stellar density profile using all PS1 stellar sources that are within 30 arcmin of the cluster and were observed in at least three epochs.
Because of the sparse nature of ESO452, the normal method of determining the centre of the cluster from star brightness peak would not provide an accurate value. Instead, like Miocchi et al. (2013) , the centre was found by iteratively averaging the positions of all stars within 1 arcmin of the cluster centre, ignoring the brightness of the stars. The previously identified centre of the cluster was RA = 15 h 39 m 25.5 s Dec = −28 • 23 52 (Harris 1996) , while our updated centre is RA = 15 h 39 m 25.0 s Dec = −28 • 23 57 , about 7 arcsec to the south. This is a relatively large shift, though in Miocchi et al. (2013) they also found similar shifts for the sparse clusters Palomar 3 and 4.
A modified version of the method from Miocchi et al. (2013) was used to find the projected stellar density, Σ * (r). The stars were divided into concentric annuli centred on the cluster, with each annulus divided into four sectors and the number of stars counted in each sector. The mean and standard deviation of each of the four sectors was calculated to give the Σ * (r) for the annulus. An 'effective' radius of each annulus was calculated that was the mean angular distance from the cluster centre of all the stars in that annulus. In addition, it was required that the standard deviation of the star counts in each sector of a given annulus be less than 10 per cent of the mean star count of that annulus, and that there be a minimum star count in each annulus, given by n min = 50 r inner ≤ 100 50 + (r inner − 100) 1.25 r inner > 100
(1)
If the standard deviation was too large or the star counts too small, then the outer radius of the annulus was increased so as to include more stars until these conditions were met. The resulting profile is shown in Figure 2 . To determine the structural parameters from the stellar density profile, we considered a King profile (King 1966) , which has been widely used to represent stellar systems like globular clusters that are thought to have reached a state of equilibrium. We applied the profiles pre-computed by Miocchi et al. (2013) . These use one parameter to describe their shape, W 0 . This parameter is proportional to the gravitational potential at the centre of the system; in general a larger W 0 implies a smaller cluster core. The profiles downloaded from their website have a range of 4.0 ≤ W 0 ≤ 12.0, with an available minimum step-size of 0.05. These profiles have a characteristic scale length r 0 , which is similar in value, but different to, the core radius r c . Miocchi et al. (2013) also determined the limiting radius r l for their profiles, which is the radius at which the projected density goes to zero. They define the concentration parameter c ≡ log(r l /r 0 ).
As in Miocchi et al. (2013) , for each of the pre-generated profiles the best fitting core density, Σ * [r = 0], r 0 , and background density, Σ * [r > r l ], were found. This was done by linearly interpolating the pre-generated profiles to find the model density at each radial point for which stellar density was measured. The best fit parameters were found for each profile by minimizing the weighted sum of the squared deviations ( χ 2 ) using a Nelder-Meld algorithm implemented by . The dimensionless mass of the model, µ, was interpolated from table 2 of King (1966) for each W 0 . The overall best-fitting profile and parameters had the smallest χ 2 , and the 1σ confidence intervals were found by finding the profile and best parameter combinations that for which χ 2 < χ 2 best + 1. On Figure 2 the best fit and the 1σ confidence intervals are shown.
For ESO452 we have determined that W 0 = 6.7 +0.8
, Σ * (r = 0) = 0.063 +0.004 −0.003 arcsec −2 , and Σ * (r > r t ) = 0.01660 +0.00001 −0.00002 arcsec −2 (these last two parameters are dependent on the catalogue used and its faint limit). These results yield a core radius r c = 24 +2 Bonatto & Bica (2008) estimated r c = 30 ± 12 arcsec, r t = 5.4 ± 1.5 arcmin, and c = 1.0 ± 0.2. Our results make the cluster somewhat less compact, with the limiting (or tidal) radius doubled. Their star counts were much more uncertain, especially in the inner region, hence our lower uncertainties for the core radius.
OBSERVATIONS AND DATA REDUCTION
This section presents the observational and reduction details for the spectroscopy of ESO452. Section 3.1 gives details on the observations with 2dF/AAOmega; in Section 3.2 is a discussion of a number of comparison clusters which had also been observed with AAOmega; and Section 3.3 comments on the Keck/HIRES spectra of the ESO452 stars and their reduction. 
AAOmega observations and data reduction
The AAOmega spectrograph (Sharp et al. 2006 ) with the 400-fibre Two Degree Field (2dF) top-end (Lewis et al. 2002) on the 3.9-metre Anglo-Australian Telescope was used on two separate occasions to observe ESO452: on the night of 2013 June 8 2 to observe 363 stars, and again on the night of 2016 July 9 to observe 1055 stars. A total of 1412 stars were observed with AAOmega, with eight stars in common between the 2013 and 2016 datasets. Figure 3 is a colour-magnitude diagram showing all of the stars spectroscopically observed. AAOmega simultaneously acquires spectra using independent blue and red cameras. For both the 2013 and 2016 observations, the red camera used the 1700D grating (R∼ 10000; 8340-8840Å). This grating was designed for observations of the near-infrared calcium triplet lines around 8600Å, generally for precise radial velocity 2 The 2013 spectra were from the AAT archive and were not acquired by the authors, but form the basis of Koch et al. (2017) . The wavelength coverage of the 2013 blue spectra was not appropriate for our needs, hence the eight stars which had a priori been determined as members before the 2016 observations were reobserved. measurement. The two sets of observations used different gratings in the blue camera: in 2013 it was the 3200B grating (R ∼8000; 3600-4500 Å) and in 2016 it was the 580V grating (R ∼1200; 3700-5800 Å). The exposure times of the four fields observed are in Table 1 .
The spectra were reduced using the AAO's 2 software (AAO Software Team 2015, v6.28) , with the default 2 configuration files appropriate for each grating. The standard spectral reduction steps were all performed automatically: bias subtraction using the overscan, spectral trace determination on the raw images using the fibre flat, wavelength calibration using the arc exposure, extraction of the stellar spectra, sky subtraction using the fibres assigned to sky positions, and finally combination of the individual exposures of each star. An example of the final combined spectrum for one star is shown in Figure 4 .
Comparison clusters observed with AAOmega
The AAOmega gratings used to observe ESO452 provided low resolution visible spectra and moderate resolution near-infrared spectra (see Section 3.1 and Figure 4 ). These could not be used to infer metallicities of the ESO452 stars using typical high-resolution spectroscopic methods (i.e., line-by-line equivalent width measurements of neutral and ionized iron lines). Instead the near-infrared calcium triplet (CaT) method was used (see Section 4 for full details); briefly, the method uses an empirical relationship between the CaT line strengths and the luminosity of the star to estimate the metallicity of the star. The metallicity of ESO452 was only broadly known from isochrone fitting (Bica et al. 1999; Cornish et al. 2006) prior to Koch et al. (2017) . In order to understand how the particular instrumental profile of the spectrograph and the analysis methods affected the metallicity estimate, archival AAOmega spectra of stars in other clusters were reduced and analyzed in the same manner as ESO452.
Seven clusters were used for comparison: NGC1851, NGC1904 (M79), NGC4590 (M68), NGC5024 (M53), NGC5053, NGC6121 (M4), and NGC7099 (M30). These clusters were selected primarily because they had a reasonable sample of stars that had been observed with the same instrumental setup as ESO452 for the red arm of AAOmega that contained the CaT lines (see Section 3.1). They were also selected because they had precise photometry from the SkyMapper Early Data Release (NGC1851, NGC1904, NGC4590, NGC7099; Wolf et al. 2016) , the Sloan Digital Sky Survey (NGC5024, NGC5053 An et al. 2008), or Stetson et al. (2014, NGC6121) to allow for definitive identification of RGB stars and avoid contamination with horizontal and asymptotic giant branch stars. Publicly available spectra of stars in each cluster were retrieved from the AAT archive, and reduced as described in Section 3.1. Cluster parameters and observation details for the comparison clusters are given in Table 2 .
HIRES
The Keck Observatory Archive contained ten candidate cluster members of ESO452, which had been observed with the High Resolution Echelle Spectrometer (HIRES; Vogt 1992) on the 10-metre Keck I telescope on the night of 1998 June 26. Six of these stars were in common with the AAOmega observations. The overlap between the HIRES and AAOmega samples is indicated on the Figure 3 . These observations had been carried out as part of a programme to observe stars from globular clusters which at the time were without Table 2 . Basic parameters and observational details for the seven comparison clusters analyzed. E(B − V ) and (m − M) V were taken from Harris (1996 Harris ( , 2010 . The other columns provide the observational details: the range of signal-to-noise per pixel (SNR) and magnitudes of the cluster stars, and the length of the science exposures. Figure 5 . Portion of the HIRES spectra for the 21st order of the member stars of ESO452, sorted from top-to-bottom in order of increasing magnitude. It contained the two strong sodium lines used for the abundance determination. For only the three brightest stars did the spectra have high enough signal to identify and measure these lines. HIRES provided spectra with a nominal spectral resolution of R = 95600 across 30 echelle orders, with non-contiguous wavelength coverage from 4260-6650 Å. Details of the instrumental setup and overview of the observing procedure can be found in Côté (1999) . Each of the ESO452 candidate stars was observed for a single exposure of between 60 and 470 seconds ( Table 3) .
All of the raw spectra and associated calibration data for the night of 1998 June 26 were downloaded from the Keck Observatory Archive. The raw images were collated and sorted by Neil Crighton's HIRES scripts 3 . This divided the night's data into various 'setups' based upon the changing cross-disperser position (for the various clusters observed on that night).
In order to reduce a science exposure from HIRES, it is necessary to have a quartz flat lamp, an arc lamp, and trace exposures. Only the final cross-disperser position of the night had quartz lamp exposures but we used those flat images for the ESO452 setup as the change in the cross-disperser was judged to be minimal (and it would be difficult to reduce the spectra otherwise). The scripts downloaded an appropriate trace star spectrum for each cross-disperser 'setup'.
The MAuna Kea Echelle Extraction ( ; version 5.2.4) software was used in its default mode to reduce the HIRES spectra. This automatically subtracted the bias frames, identified the echelle order traces, determined a wavelength solution (corrected for the barycentric velocity) and then extracted the stellar spectra from each order using the trace spectrum as a guide. Visual inspection of the diagnostic plots showed that it was able to identify the echelle trace for most of the orders in all of the spectra, although the faint blue end of the wavelength range tended to have poor trace detection and therefore poor signal. Although the exposure times were increased for the fainter stars, it was not enough to compensate for the decreasing flux, so some stars have very low S/N (Table 3) . A small portion of the spectra is plotted in Figure 5 to show the sodium lines used for the abundance determination in Section 7.1.
RADIAL VELOCITY AND METALLICITY ESTIMATION
The radial velocity and metallicity of the stars observed with AAOmega were determined from the near-infrared calcium triplet (CaT) lines at 8498.03, 8542.09 and 8662.14 Å (Edlén & Risberg 1956 ). These lines have been used extensively in globular cluster studies to estimate the metallicity of member stars, and there are a number of available empirical relationships that relate the metallicity of the Figure 6 . The metallicity estimate from the CaT method for each cluster shown as symmetrical violin plots. The results for ESO452 are those stars identified in Section 5 as RGB members. The shape for each cluster denotes its metallicity probability distribution (in the form of a kernel density estimator). The large black dot is the metallicity from Harris (1996) for each cluster, which for ESO452 is the value from the isochrone fit in Figure 8 . Care should be taken with the distributions for ESO452 and NGC5053 as they contain fewer than 10 stars, so their distributions are boxy-shaped.
star to its CaT line strengths and luminosity of the star (e.g., Armandroff & Da Costa 1991; Starkenburg et al. 2010; Carrera et al. 2013) . In this work, we have used Carrera et al. (2013) . There are two essential parameters for the CaT method: (1) a measure of the intrinsic luminosity of the star, and (2) the equivalent width measurements of the CaT lines. The apparent K S magnitude from 2MASS was the only photometry that was available for all of the clusters discussed in Section 3.2, so we have used the calibration from Carrera et al. (2013) based upon absolute K S .
The absolute K S magnitude was calculated using the apparent K S of each star from 2MASS and the distance modulus (m − M) K S . For all the clusters, except ESO452, this distance modulus was calculated from the apparent visual distance modulus and foreground reddening for each cluster listed in Harris (1996 Harris ( , 2010 . For ESO452 the PS1 isochrone-derived values of (m − M) g and E(g − z) were used (see Section 5 and Figure 8) . (m − M) g and (m − M) V were transformed to (m − M) K S using the following transformations which were derived from the Schlafly & Finkbeiner (2011) extinction coefficients,
The equivalent widths of the CaT lines and barycentric radial velocity of each star were measured simultaneously using the following procedure:
The red arm spectrum was first normalized by iteratively fitting a five-degree Chebyshev polynomial with 's function, with flux values rejected if they were 0.1σ below or 0.5σ above this fit. The iteration continued until there were 1000 spectral points remaining.
To be consistent with Carrera et al. (2013) we used the line windows and continuum regions from Cenarro et al. (2001) . For an initial radial velocity estimate, the spectra contained within each line window were extracted. The spectra had not been radial velocity corrected at this point, but the likely radial velocities of the stars were small enough that the CaT lines would still be within the windows. Each CaT line was fitted with a Voigt function (the convolution of Gaussian and Lorentzian profiles) implemented with 1 (McLean et al. 1994 ) from (Robitaille et al. 2013 ). The best fitting Voigt function was found by means of a least-squares fit using the Levenberg-Marquardt algorithm. The central wavelength of each best fit Voigt function was then used to calculate the radial velocity for each line, and the median of these three values was used as the initial radial velocity of the star. The spectrum was then shifted to the rest wavelength.
The measurement of the equivalent widths of each CaT line used a Monte Carlo method, with 100 random realizations of each spectrum created. In each realization (now at the rest wavelength), each flux value had a random value added to it drawn from a normal distribution with a standard deviation equal to the square root of the variance returned by 2 for that wavelength point. For each of these 100 realizations, the spectrum was normalized as described above. This normalization was then refined using five continuum regions of Cenarro et al. (2001) , with the same procedure as described in Carrera et al. (2013) : a linear fit to the mean flux values in each continuum region. A Voigt function was then fitted to each of the CaT lines in each of the realizations as above. A Voigt function has no analytical integral so the equivalent width of each fit was found using the trapezium method within the bounds of the line region with a step size of 0.01Å.
The metallicity of each of the 100 realizations was found using equation 2 and table 4 of Carrera et al. (2013) . The overall metallicity estimate for each star was the median metallicity of the 100 realizations. For a given star, the noise of the spectrum typically manifested as an uncertainty of about 0.01 dex in the metallicity estimate. But the error in the metallicity estimate for each star was primarily from the uncertainty in the distance modulus for the cluster. This typically manifested as an uncertainty on the order of 0.1 dex. For a given cluster, the overall metallicity was the median metallicity value of all the stars, with an uncertainty being equal to half of the 16th to 84th percentile range. The same procedure was used to find the radial velocity for each star and cluster.
The results for the comparison clusters are given in Table 4 . They are also presented graphically in Figure 6 in the form of violin plots to show the distributions of metallicities found for each cluster. The method was found to be over-estimating the metallicity of the more metal-rich clusters ([Fe/H]> − 2) by an average of 0.23 dex. This is likely because the Voigt function fit is being affected by the presence of other atomic lines, causing the measured equivalent widths to be artificially large.
ESO452 MEMBERSHIP
Of the 29 stars observed with AAOmega within 2.5 arcmin of the cluster, there was a strong peak of 10 stars with a range of velocities from 14.4 < v r < 19.5 km s −1 , with a median value of 16.6 ± 1.3 km s −1 (Figure 7) . One additional member was identified from the HIRES spectra (Section 7), giving a total of 11 members for ESO452 identified spectroscopically. These members are shown on a CMD in Figure 8 , and it is clear that ESO452 has very sparsely populated giant and horizontal branches, and that in this work we have observed and identified almost every possible cool giant and horizontal branch star. Our radial velocity value is slightly smaller than the 19 ± 2 km s −1 found by Koch et al. (2017) . However, the three stars in common happened to be the stars with the largest radial velocities of our sample.
Of the ten stars observed with AAOmega, the four bluest are potentially in the horizontal branch or asymptotic giant branch phases. Since the CaT metallicity relation of Carrera et al. (2013) is only defined for red giant branch stars, we omit these four non-RGB stars from Fig. 6 . Further discussion of the evolutionary phases of these stars is in Section 8.
The remaining six stars observed with AAOmega show a range of CaT-derived metallicities from −0.69 < [Fe/H] < −1.01 (after applying the 0.23 dex correction from Section 4), with a cluster median value of −0.81 ± 0.13. This metallicity is consistent with the metallicities of the isochrone fits in Figure 8 and with the value of [Fe/H] = −0.88 ± 0.03 found by Koch et al. (2017) using spectrum synthesis. It is 0.7 dex more metal rich than the value listed in Harris (1996) -which was from Bica et al. (1999) , who estimated the metallicity from matching their CMD to that of NGC6752 -and is within the (large) range of metallicities suggested by Cornish et al. (2006) 
A radial velocity of 16.6 km s −1 is similar to the typical radial velocity of field stars along the line of sight. RAVE DR5 ) had 507 stars within 10 degrees of ESO452 for which there was an average radial velocity of −20.9 ± 78.6 km s −1 (though the faint limit of RAVE would mean that these stars are much closer than the stars observed as part of this research). To further test the likelihood of having 11 stars of the same velocity in the same small region of the sky, a synthetic sample of 2300 stars brighter than K S = 14 was generated for the same line-of-sight of ESO452 using (Sharma et al. 2011 , see their section 6). This was then sampled for 10000 random 1 arcmin positions. Only 11 of these random samples had over five stars within them (and the maximum was six stars). Only two of those eleven regions had two stars with radial velocities within 3 km s −1 . Therefore we consider it unlikely that the velocity peak identified in our results is a random occurrence.
The identification of members allows for more secure isochrone fitting. Padova isochrones were fitted by eye (Bressan et al. 2012; Tang et al. 2014; Chen et al. 2014 Chen et al. , 2015 for a range of ages and metallicities and it was found that the best fits were for 10 Gyr-aged isochrones with a metallicity of We use this as an estimate of the uncertainty in these values: (m − M) g = 16.33 ± 0.05 and E(g − z) = 1.12 ± 0.02. Using Schlafly & Finkbeiner (2011) , we estimate that
The values in Harris (1996) for ESO452 are (m − M) V = 16.02 and E(B − V) = 0.46. We have obtained a higher reddening value for the cluster than previously tabulated. But our value does agree with the reddening map produced by Green et al. (2015) from PS1 and 2MASS photometry, which in the direction and at the distance of ESO452 is E(B − V) = 0.57 ± 0.031. The distance modulus translates to a heliocentric distance of 7.62 ± 0.21 kpc, a Galactocentric position of (X, Y, Z) = (+0.9, −1.0, +1.6) kpc, and r GC = 2.1 kpc (using the updated cluster position from Section 2 and to convert to a Galactocentric coordinate system).
CLUSTER MASS AND ORBIT
The overall sparseness of ESO452 leads to the question of what is its overall mass. We used the structural parameters determined in Section 2 to estimate the cluster mass, using the relationship between the dynamics of the stars and the structural profile. The mass of the cluster can be related to the cluster size and velocity dispersion by
where r c is the core radius in parsecs, µ is the dimensionless mass of the model, and σ v is the central velocity dispersion (Illingworth 1976; Mandushev et al. 1991) . Based upon the distance derived from the isochrone fitting and the angular core radius from the stellar density profile, r c = 0.88 ± 0.07 pc. With only 11 members of ESO452 with radial velocity measurements it not possible to estimate a central velocity dispersion precisely. It is expected that the velocity dispersion decreases with increasing distance from the centre because of the decrease in the escape velocity. Per Illingworth (1976) , we estimate that the central dispersion is about 10% larger than the overall dispersion of the cluster. The velocity dispersion of the 11 stars is 1.31±0.10 km s −1 , so we estimate the central velocity dispersion is σ v = 1.44 ± 0.11. Such a value is low compared to clusters of similar concentration and we may be underestimating the velocity dispersion due to the small number of stars. However, using Equation 7 with our measured values the mass estimate for ESO452 is (6.8 ± 3.4) × 10 3 M .
The positional information was combined with kinematic information to estimate a probable orbit for the cluster. None of the stars identified as members were bright enough to be part of the Tycho-Gaia Astrometric Solution (Michalik et al. 2015; Lindegren et al. 2016 ), but nine member stars were in the UCAC5 proper motion catalog (Zacharias et al. 2017 ) (matched using their Gaia source_id). Proper motion errors in UCAC5 increase rapidly for stars fainter than UCAC magnitude u mag < 15 (see figure 9 of Zacharias et al. 2017 ). There were four stars that made this magnitude cut, which had a mean proper motion of (µ α cos δ, µ δ ) = (−0.4 ± 1.5, −7.4 ± 1.6) mas/yr.
We computed the orbit of the cluster using the code (http://github.com/jobovy/galpy; Bovy 2015, version 1.3) with the recommended simple Milky-Way-like MWPotential2014 potential with the default parameters, and the Solar motion defined by Schönrich et al. (2010) . The cluster orbit was integrated forward in time for 1 Gyr with 1 Myr resolution, for 1000 random realizations varying the inputs with Gaussian errors. In Figure 9 , for clarity, a subset of 100 of these realizations are shown. The cluster is on a highly eccentric bulge orbit which is precessing with time.
The median value of the orbital parameters was found for the 1000 realizations, with uncertainty ranges given by the 16th and 84th percentile values: the maximum and minimum Galactic distance achieved by the cluster were r max = 2.65 +0.8 The uncertainties in these orbital parameters are primarily driven by the uncertainty in the proper motions, with a much smaller contribution from the uncertainty in the distance. There was a negligible contribution from the uncertainty in the radial velocity and position of the cluster. The Gaia DR2+ results should improve the precision to which the cluster's orbit can be calculated by providing accurate and precise proper motions for a larger sample of stars. It may also provide some parallactic distances.
ABUNDANCE ANALYSIS
With the identification of members in Section 4 it is now possible to explore the chemistry of the stars. For this we have made use of the high resolution Keck/HIRES spectra (Section 7.1) and the low resolution blue AAT/AAOmega spectra (Section 7.2).
HIRES
As discussed in Section 3.3 ten potential member stars of ESO452 were observed with Keck/HIRES in 1998. Of these ten stars, five were identified as members of ESO452 using AAOmega in Section 5 (there was one additional star in common, but it was found to be a field star).
The radial velocities of all of the stars observed with HIRES were measured by cross-correlating each spectrum with the spectrum of HD223311, a radial velocity standard star also observed on the same night as the ESO452 stars. For the six stars observed with both HIRES and AAOmega, the radial velocities were consistent between the two sets of spectra. In addition, one of the four HIRES stars not observed with AAOmega was also found to be a member based upon its radial velocity, giving a total of 11 members identified: ten observed with AAOmega, and six with HIRES, with five stars in common.
The spectra for the six members observed with HIRES were analyzed to determine the stellar parameters and a sodium abundance for the stars. One of the stars (16392765-2823576) was found to have a signal-to-noise ratio too low for a reasonable determination of its stellar parameters, so it was ignored (though its results are given in Table 5 for completeness).
The 2MASS J and K S photometry was used to estimate the temperature and surface gravity of the stars. To find the de-reddened J − K S colour of the star, E(g − z) was transformed to E(J − K S ) using E(J − K S ) = 0.223 × E(g − z) (Schlafly & Finkbeiner 2011) .
Effective temperatures were estimated from the empirical relations of González Hernández & Bonifacio (2009), assuming Table 5 . Stellar parameters and sodium abundances derived from the HIRES spectra for six stars observed with that instrument. The last two columns give the abundances for the individual sodium lines at 5682 Å and 5688 Å. The last star in the table is the one horizontal branch star observed; its parameters are very uncertain. . The green line shows the orbit using the best values found for the cluster, and the fainter orange lines show the orbits of the random realizations where the input parameters were varied with Gaussian noise. The currently observed position of ESO452 is marked with a cross.
[Fe/H] = −0.9. Surface gravities were estimated via the luminosity/gravity/temperature relationship, applying the bolometric corrections from Alonso et al. (1999) with M = 0.8 M and a bolometric correction derived from the V magnitude of the stars. The Pan-STARRS1 photometry was transformed to V photometry using Tonry et al. (2012) 
The spectroscopic T eff , log g and [Fe/H] were determined by measuring the equivalent widths of the neutral and ionized absorption lines of iron using , and calculating the 1D LTE abundance for each line with (Sneden 1973) using Kurucz model atmospheres interpolated from the Castelli & Kurucz (2004) grid. T eff was derived by requiring excitation equilibrium of 13-25 Fe I lines. The log g was derived via ionization equilibrium, i.e., requiring the abundances from Fe I lines to equal those from five Fe II lines. Microturbulence was derived from the condition that abundances from Fe I lines show no trend with equivalent width. Sodium abundances were inferred from the two lines at 5682 and 5688 Å. The region of the HIRES spectrum containing these lines is shown in Figure  5 . The lines were only discernable in the three brightest stars. Departure due to non-LTE effects were calculated using the database (Lind et al. 2011) .
The uncertainty on the stellar parameters was estimated to the level that any larger changes in those quantities would have introduced a significant trend in log n(Fe) vs the excitation potentials and the line strength, respectively, for T eff and microturbulence. The uncertainties in log g were estimated by varying this quantity until the difference between log n(Fe I) and log n(Fe II) was larger than 0.1 dex, i.e., the ionisation equilibrium condition was no longer satisfied. The Fe and Na abundance errors were estimated by varying one parameter at a time, and checking the corresponding variation in the resulting abundance. All the results are given in Table 5 .
Spectral indices
The low resolution blue AAOmega spectra were used to investigate the carbon and nitrogen abundances of the stars via two spectral indices. We used definitions from Harbeck et al. (2003) : the S(3839) index which measures the strength of the CN bandhead at 3883 Å, and the CH(4300) index which measures the CH bandhead at 4300 Å:
CH(4300) = −2.5 log F 4285−4315 0.5F 4240−4280 + 0.5F 4390−4460 , (10) where These definitions were adopted in order to allow comparison with the E3 results from Salinas & Strader (2015) (see Section 8). The S(3839) index of Harbeck et al. (2003) is defined to avoid strong hydrogen lines in main sequence stars. As the stars we have observed are giant stars, this is not a problem. We compared our index results to those found using Norris et al. (1981) and, although there were minor differences, they did not impact our conclusions. Uncertainties were determined using a Monte Carlo method, similar to that used for determining the uncertainties in the metallicities in Section 4. For each pixel, a random amount of noise was added to the flux by drawing a number from a normal distribution with a standard deviation equal to the error in the flux for that pixel, as reported by 2 . This was repeated 1000 times. The spectral index measurement was measured for each realization and the median value found. The 16th and 84th percentiles of this distribution provided the uncertainty. The results are shown in Figure 10 and in Table 6 . These uncertainties represent only the Poisson noise in the spectra, and do not capture the full uncertainty that can be caused by data reduction, flux calibration, instrumental calibration, or other possible issues.
DOES ESO452 SHOW EVIDENCE FOR SELF-ENRICHMENT?
As discussed in Section 1, chemical inhomogeneity has been observed in almost every globular cluster that has been studied in detail, but not in open clusters. ESO452 appears to be on the mass border between the two types of objects, so it is of great interest to identify whether it does or does not have evidence for self-enrichment.
With only a handful of stars in ESO452 observed it is important to have a baseline for how multiple populations will manifest in the abundances that were measured for these stars: [Na/Fe], S(3839) and CH(4300). Two comparison clusters are used here to understand this: NGC1851 and E3. NGC1851 is known to exhibit multiple populations of stars, in particular, exhibiting multimodal behaviour of its CN band strengths (e.g., Campbell et al. 2012; Simpson et al. 2017) , while E3, similar to ESO452, is one of the sparsest and faintest globular clusters of the Milky Way, and was found not to have signatures for self-enrichment by Salinas & Strader (2015) . In this Section, we compared the CN, CH and Na abundances from NGC1851 and E3 to the results from the giant branch stars of ESO452.
Studies of more massive clusters have shown there are various correlations and anti-correlations for light elements in globular cluster stars, i.e., the signatures of multiple populations. In the case of the abundance results we have determined for these stars, these patterns would be visible as an anti-correlation between the CN and CH index strengths (because they are primarily driven by the abundances of nitrogen and carbon, respectively, of the stars), and a correlation between the sodium abundance and the CN index (e.g., Norris & Pilachowski 1985; Marino et al. 2012) .
As mentioned in Section 5, the four bluest members of ESO452 that we observed with AAOmega are potentially in the horizontal branch or asymptotic giant branch phase, as can be seen from Fig.  8 . We find that the three bluer stars are consistent with being on the horizontal branch: they have spectral energy distributions that are relatively blue, indicating high temperatures, and as a result their CH(4300) indices are distinctly lower than those of the RGB stars. The fourth star, which was observed both with AAOmega and HIRES, appears to have quite different stellar parameters despite its similar photometry: its spectrum shows a steeper rise into the redder wavelengths, indicating a lower temperature and resulting in a CH(4300) band strength consistent with the RGB stars. We have omitted the three likely horizontal branch stars from the following discussion of band strength behaviour and abundance complexity, and we do not calculate the relative indices δCN and δCH for them in Table 6 . We include the likely AGB star, since the CN and CH bands in AGB stars and RGB stars have a similar behaviour with temperature and abundance. We have plotted the likely AGB star with a red circle in Fig. 10 and 11 while the RGB stars are shown as green circles.
The strengths of CN and CH indices are not only a function of the chemical abundance of the star but also the temperature and gravity of the star. To first order, these dependencies can be removed by using proxies of either colour or luminosity, fitting a curve to the bottom envelope of the distribution. For this work, the absolute K S magnitude was used as the proxy and a straight line fitted to the bottom envelope of NGC1851 stars for their S(3839) and CH(4300) values (lines in bottom two panels of Figure 10 ). For the other two clusters, especially ESO452, the number of stars makes it hard to identify the bottom envelope, so the NGC1851 luminosity correction was used for ESO452 and E3. The corrected indices are referred to as δCN and δCH and are shown in Figure 11 .
The results for CN in Figures 10 and 11 show that ESO452 has a range of CN strengths much more like that of NGC1851 than that of E3. This is especially obvious in the luminosity corrected values which were the key for Salinas & Strader (2015) to declare that E3 had a unimodal CN abundance distribution. All three clusters have a similar range of δCH, but only in NGC1851 and ESO452 is there evidence of a CN-CH anticorrelation.
There were only three of the giant stars observed with both AAOmega and HIRES for which a sodium abundance could be determined, but there is a hint of the expected positive correlation between the sodium abundance of the stars and the δCN. The uncertainties of the sodium abundances are large due to the low signal of the available spectra, which makes it hard to be conclusive about this correlation.
These abundance results, particularly those from the CN spectral index, provide indications that ESO452 does, in fact, have starto-star light element abundance variation, and therefore shows evidence for self-enrichment. If confirmed with more stars and more certain abundances, this would set a new lower limit in mass for such behaviour in clusters of about 7,000 M .
CONCLUDING REMARKS
In this work we have presented the largest spectroscopic study of ESO452, one of the faintest and least studied stellar clusters of the Milky Way. The results presented here indicate that ESO452 does exhibit star-to-star abundance variations, and with a total mass of about 7000 solar masses, it is the lowest mass cluster for which this has been observed.
Ordinarily, one would recommend observations and analysis of a larger number of cluster stars as a way to gain a clearer understanding of the light-element abundance behaviour in ESO452. However, as can be seen in Fig. 8 , there are only a handful of unobserved stars with appropriate positions in colour-magnitude space in the field of the cluster, and these may or may not be cluster members. Improved high-resolution spectroscopy of the six stars observed with HIRES, and new high-resolution spectroscopy for the five other known cluster members, would allow us to determine precise abundances for O, Na, Mg and Al for the HB, AGB and RGB stars. Oxygen abundances would also allow us to determine abundances of C and N for the AGB and RGB stars, providing a comprehensive picture of the light-element abundance behaviour in ESO452.
It should be noted that we are observing the present-day masses of the clusters and not their initial masses. From modelling of cluster evolution in a Galactic potential (e.g., Kruijssen 2015) we expect a rough correspondence between the two, such that clusters that are currently relatively low-mass would have relatively low initial masses. It is likely that ESO452 was in fact initially more massive for two reasons.
First, current theories of chemical enrichment of globular clusters imply that their initial masses were potentially several times larger than what is observed today. Models of cluster formation seem to require that the first generation initially be as much as 10 times more massive. This is the so-called mass budget problem for globular clusters (Bastian et al. 2013 ) and would necessitate a dramatic mass loss of the first generation stars.
Second, even without this large-scale mass loss, it is known that clusters are losing stars through tidal shocks and slow evaporation. It seems likely that there are clusters that did not survive such mass loss and have disappeared into the field population of the Galaxy (Martell et al. 2011) . Is it possible that clusters like ESO452 represent a mass limit below which the cluster gravitational potential is not strong enough to overcome these effects? It is worth noting that some lower mass globular clusters show evidence of considerable mass loss in their past (e.g., Grillmair & Dionatos 2006; De Marchi et al. 2006; Hamren et al. 2013) .
There are conflicting results in the literature on whether the overall cluster mass plays a role in the prevalence of second generation stars. Bastian & Lardo (2015) found that the fraction of enriched stars (i.e., in the case of our results, those enhanced in nitrogen) was not correlated with the mass of the cluster -in fact they found the fraction of second generation stars was not correlated with any cluster or environmental property. Conversely, Milone et al. (2017) found that there was an anti-correlation between the fraction of first generation stars and the cluster mass. It should be noted that these two works used different classifications of enrichment: Bastian & Lardo (2015) used spectroscopic results, while Milone et al. (2017) classified based upon photometry.
Based upon figure 22 of Milone et al. (2017) , ESO452 should have a substantional fraction of first generation stars: > 0.7. However from our Figure 10 , most of the stars observed appear to have high CN index strengths and therefore would be considered to be members of the second generation. These observations of ESO452 have observed almost every giant star brighter than the horizontal branch, so we do not have an inadvertently biased sample of stars. This apparent contradiction of the results of Milone et al. (2017) could suggest preferential mass loss of first generation stars in the cluster's past.
We have presented spectroscopic results for the faint, low-mass bulge globular cluster ESO452-SC11. Our main results are:
• The cluster has an overall mass of (6.8 ± 3.4) × 10 3 M .
• The metallicity of ESO452-SC11, derived from the nearinfrared calcium triplet, is [Fe/H] = −0.81 ± 0.13. This value is consistent with the results from Koch et al. (2017) .
• The multi-object capabilities of 2dF have allowed us to perform a near-complete census of the brighter members of the cluster.
• The CN strengths of the giant members show a range of values like that seen in more massive clusters with multiple populations. We conclude that this tentatively supports the idea that ESO452-SC11 is likely to have inhomogeneous light element abundances, and would be the lowest mass cluster observed with such behaviour.
